Abstract -This paper presents theoretical analysis based on mathematical model of Static Synchronous Compensator (STATCOM). The basic application of STATCOM is to supply voltage support to the power system. That is, the STATCOM can rapidly supply dynamic reactive power required for short-tem voltage regulation. However, through mathematical model of STATCOM using digital simulation, it is found that the system stability may tend to be unstable under some conditions due to some factors of STATCOM. The performances of STATCOM under specified load variation was simulated with EMTP (Electro Magnetic Transient Program)/RV. Simulation results are presented for a two-level VSC based ±100 MVAR STATCOM connected to a 345 kV simple radial system. Simulation results validate the ability of the STATCOM to improve short-term voltage regulation. With appropriate PI gains, the controller performance is observed reasonably well during capacitive and inductive modes of operation. The simulation results from EMTP/RV represent good dynamic performances of STATCOM during step changes of load variation.
Introduction
Voltage stability covers a wide range of phenomena. It's a fast phenomenon, so called transient or dynamic voltage instability, for engineers involved with induction motors, air conditioning loads, HVDC, Mechanical switched capacitors or reactors, SVC, or STATCOM [1] - [2] . The problem of maintaining voltage stability is a major concern in power system operation. Many major black outs throughout the world have been directly associated with this phenomenon [3] . Various analysis methods have been adopted and documented in the literature to devise efficient solutions to the problem of voltage instability [3] - [6] . Most of these techniques have relied on traditional power flow-based static simulations. A power system is considered a dynamic system. Although voltage stability involves dynamics, power flow based static analysis methods are often useful for rapid, approximated analysis. However these static methods, so called steady-stated analysis, cannot capture the dynamic nature of the voltage collapse phenomena [7] . Time-based simulations play a critical role in tracing the mechanism of this type of voltage instability [8] . In this reason, the analytic environment for short-term voltage instability has been adopted time domain simulations than traditional power flow-based static simulations.
Reactive compensation has been used extensively in the power industry in order to provide voltage regulation, improve transient stability [9] . STATCOM is defined as a shunt-connected static VAR compensator whose capacitive or inductive output current can be controlled independent of the ac system voltage. Compared with SVCs, the voltagesourced converter (VSC) based STATCOM has better compensating capability, faster response, less harmonics and smaller physical size, and thus becomes a serious competitive alternative to conventional SVCs [10] . This is used for voltage regulation at a given bus against load variations or voltage support during generation or line outages in power systems. This paper presents the mathematical model of a threephase static var compensator that uses a pulse width modulated (PWM) VSC connected to a dc capacitor (Fig. 1) .
The treatment presented in this paper includes the basic concept of STATCOM, the derivation of the mathematical model of the system, the stability investigation with frequency response, and the dynamic performance analysis for voltage regulation. Finally, simulation results obtained from digital simulation are presented, discussed and evaluated.
Basic Concept of VSC Based STATCOM
Basically a voltage-sourced converter based STATCOM generates ac voltage from a dc voltage. With a voltagesourced converter, the magnitude, the phase angle and the frequency of the output voltage can be controlled [11] .
Basic Operating Principles
The basic principle of reactive power generation by a voltage-sourced converter is akin to that of the conventional rotating synchronous machine. The basic voltage-sourced converter scheme for reactive compensation is shown schematically in Figure 1 . From a dc input voltage source, provided by the charged capacitor s C , the converter produces a set of controllable three-phase output voltages with the system frequency of the ac power system [11] . A phase shift between the two voltages, δ, allows real power to flow and thus can be used to regulate the dc bus voltage ( dc U ), as in (1). In addition, the reactive current or power can be controlled by adjusting the relative voltage of the converter output voltage ( st V ), as in (2) [12] .
where st V is the fundamental component of the converter output voltage, pcc V is the voltage at the PCC (Point of common coupling), and X is the leakage inductance of the coupling transformer. δ corresponds to the power angle between the two voltages. Then, assuming the angle, δ is small allows us to re-write (1) and (2) as follows:
STATCOM Control Principles
The STATCOM control consists of dc voltage regulation loop, an outer regulation loop which sets the reference reactive current,
, based on the droop equation and an inner current loop which sets the converter output voltage, st V , in order to achieve the desired current in Figure 2 [13] .
Other elements of the control include the phase locked loop to provide synchronization with the ac system and the measurement and band-pass filtering of the instantaneous three-phase set of line voltages and currents.
For appropriate control of the STATCOM, various system signals should be processed and the necessary information is extracted. The voltage and current transformation are somewhat different. In addition, they are filtered in order to extract the fundamental component, eliminating the harmonics which arise from the PWM switching.
The small amount of real power required for regulation of the dc bus voltage is controlled by imposing a small phase shift between output voltage of the converter and the ac system voltage needed for charging (or discharging) the storage capacitor [11] . The combined internal and external real current references for converter switching losses and active power compensation would determine the angle of the output voltage generated and thus the real power exchanged with the ac system. Accordingly, angle δ is summed to θ and then reference angle, the result of summation, represents the desired synchronizing signal.
Comparison of the reference signal with the reactive component of the output of Park's transformation produces the error signal. The reactive current error signal is converted into the magnitude of the desired converter output voltage after suitable PI controller. This internal control scheme could operate the converter with a dc power supply which regulated by dc regulation control loop. 
Dynamic Analysis with Stability Investigation
Basic STATCOM circuit consists of a VSC and a dc storage capacitor as illustrated in Figure 3 . The two-level converter was constructed in EMTP/RV using an insulated gate bipolar transistor (IGBT) switch model. The performance of STATCOM is investigated with a 345 kV radial system. The six-pulse ±100 MVA STATCOM is connected to the system at 13.2 kV bus. A 100 MVA 345 kV/13.2 kV main coupling transformer, with the secondary equivalent resistance is 0.01 pu and the leakage inductance is 0.15 pu, is installed between STATCOM output bus and PCC.
Mathematical Model for VSC Control System
According to mathematical model of STATCOM, the dynamic model of 6-pulse STATCOM in Fig.3 can be described as equation (5) 
The 3 phase voltage equations can be rewritten as following :
Equations (6) can be transformed to synchronously rotating reference frame using the Park's transformation, as in (7) abc e dq
where ) (θ T is the matrix of converting three-phase abc frame into the synchronous reference frame involved with the d an d q components when it is not considered the zero components [14] . 
The voltage equations from three phase abc frame are transformed to synchronously rotating reference frame by multiplying them with the converting matrix ) (θ T .
Substituting (7) into (9) and rearrange, the voltage equations can be described as 
where ω is system frequency. The magnitude of converter voltage can be proportional to the DC voltage across the capacitor, the relationships for dq axis can be described as 
where m is coefficient related to the type of converter. It means the ratio of DC voltage and magnitude to phase voltage at converter.
The power balance equation of the converter is
Using equation (13) and (14), the dc current is
Equation (11), (12) and (15) The state equation with ABCD can be converted to transfer function using Laplace transformation as shown in (18).
where A is state matrix, B is input matrix, C is output matrix, D is feedthrough matrix.
The inverse of )
Equation (17) gives the A and B matrixes, the determinant of the inverse of ) 
Frequency Response on Dynamic Behavior
In general, the operating ranges of firing angle are not higher than plus or minus two degrees due to the rated current limitation. The STATCOM do not operate under the unstable mode. The Bode plot in Fig. 6 shows the effect of firing angle for no load operating condition. The steady state current 0 q i generates two zeros in the STATCOM transfer function. However, the result shows that two zeros do not affect the STATCOM response in the frequency range of interest (below 377 rad/s). 
Case Study
The transient in test radial power system occurs at t = 0.8 second, when the RL-load (180 MVA) is connected to the power system. Three-phase line-to-ground voltages at PCC and line current characteristics corresponding to the specific time intervals (0.65sec ~ 1.2sec) are shown in Fig.5 . 
Conclusion
A 6-pulse two-level IGBT-VSC based ±100 MVAR, 60 Hz, 345 kV STATCOM has been designed in digital simulation environment by using dc regulation loop and internal and outer control scheme employing PI controllers.
The mathematical model as transfer function was derived for the analysis of the STATCOM operating with the phase shift angle control method. The transfer function is used to the dynamic analysis of open loop STATCOM. With the stability investigation with Bode plot, it can be confirmed that the STATCOM operates stable mode within plus or minus two degrees. The model can also be applied for the modeling of STATCOM for closed loop operation.
The dynamic analysis of a two-level 6-pulse VSC-based STATCOM was presented. The simulation results from EMTP/RV represent good dynamic performances of STATCOM during step changes of load variation. Eventually the proposed model contributes to be applied to various power system conditions for short-term voltage regulation. 
